Effective induction of midbrain-specific dopamine (mDA) neurons from stem cells is fundamental for realizing their potential in biomedical applications relevant to Parkinson's disease. During early development, the Otx2-positive neural tissues are patterned anterior-posteriorly to form the forebrain and midbrain under the influence of extracellular signaling such as FGF and Wnt. In the mesencephalon, sonic hedgehog (Shh) specifies a ventral progenitor fate in the floor plate region that later gives rise to mDA neurons. In this study, we systematically investigated the temporal actions of FGF signaling in mDA neuron fate specification of mouse and human pluripotent stem cells and mouse induced pluripotent stem cells. We show that a brief blockade of FGF signaling on exit of the lineage-primed epiblast pluripotent state initiates an early induction of Lmx1a and Foxa2 in nascent neural progenitors. In addition to inducing ventral midbrain characteristics, the FGF signaling blockade during neural induction also directs a midbrain fate in the anterior-posterior axis by suppressing caudalization as well as forebrain induction, leading to the maintenance of midbrain Otx2. Following a period of endogenous FGF signaling, subsequent enhancement of FGF signaling by Fgf8, in combination with Shh, promotes mDA neurogenesis and restricts alternative fates. Thus, a stepwise control of FGF signaling during distinct stages of stem cell neural fate conversion is crucial for reliable and highly efficient production of functional, authentic midbrain-specific dopaminergic neurons. Importantly, we provide evidence that this novel, small-moleculebased strategy applies to both mouse and human pluripotent stem cells.
INTRODUCTION
The midbrain dopaminergic (mDA) neuron has been a prime target in stem cell research and developmental neurobiology owing to its association with Parkinson's disease. Recent years have witnessed a rapid advancement in understanding the regulatory cascade that governs ventral midbrain neuroepithelial cell fate specification and the differentiation and maintenance of mDA neurons (Andersson et al., 2006; Ferri et al., 2007; Nakatani et al., 2009 ). Overexpression of mDA transcription factors offers a valid strategy for generating DA neurons from embryonic stem cells (ESCs) (Andersson et al., 2006; Chung et al., 2005; Kittappa et al., 2007; Konstantoulas et al., 2010; Maxwell et al., 2005) . However, mDA specification via genetic manipulation is limited and context dependent (Andersson et al., 2006; Friling et al., 2009; Parmar and Li, 2007; Roybon et al., 2008) . This could be attributed to the fact that, during development, the transcription factors employed act only on regionally specified mDA-competent ventral midbrain progenitors, but the extent to which such progenitor populations can be generated from pluripotent stem cells using currently available paradigms remains unclear. Several studies indicate that ESCs give rise to forebrain-like identity under defined conditions or to heterogeneous progenitor phenotypes, which exhibit a broad range of anterior-posterior domain-specific expression profiles, when differentiated under the influence of stromal feeders and/or patterning cues (Bouhon et al., 2005; Gaspard et al., 2008; Kawasaki et al., 2000; Watanabe et al., 2005) .
During development, mDA neurons are generated from the ventral midbrain floor plate cells under the cooperative action of the homeobox transcription factor Lmx1a and the forkhead transcription factor Foxa2 (Andersson et al., 2006; Chung et al., 2009; Lin et al., 2009; Nakatani et al., 2009) . A recent gain-offunction study in ESCs reported that the early expression of an Lmx1a transgene in ESC-derived neural progenitors is crucial for its mDA neuron-inducing activity (Friling et al., 2009) , suggesting that temporally restricted characteristics essential for the mDAcompetent state become limited in ESC-derived neural cultures soon after neural induction. This change in progenitor competency might explain why sonic hedgehog (Shh), which plays a pivotal role in ventral midbrain patterning and mDA neuron fate specification during development (Ye et al., 1998) , is reported to have a widely varying ability to promote mDA neuron production from mouse or human ESCs (Andersson et al., 2006; Friling et al., 2009; Kim et al., 2002; Parmar and Li, 2007; Perrier et al., 2004; Yan et al., 2005) . Thus, there is a pressing need to elucidate the essential attributes of mDA-competent neural progenitors and the regulators that are capable of inducing this state.
Molecular signaling is essential for shaping cell fate choice during development. FGF signaling plays multiple roles during the induction and maintenance of the telencephalon (Paek et al., 2009) and, together with Wnt, participates in the formation of the isthmus organizer (IsO) at the midbrain and hindbrain boundary (Olander et al., 2006) . However, prior to IsO induction, phosphorylated ERK1/2, which marks regions of FGF signaling, is scarcely detectable in the epiblast of pre-streak vertebrate embryos and in the prospective ventral midbrain of early gastrulating embryos (Corson et al., 2003; Lunn et al., 2007) . This temporospatial restriction of FGF/ERK signaling might be necessary for initiating the regulatory cascade that induces competency and cell fate potentials of prospective midbrain neural progenitors.
Using mouse and human pluripotent stem cells and mouse induced pluripotent stem cells (iPSCs), we report here for the first time that a pharmacological blockade of FGF/ERK signaling upon neural induction induces midbrain-specific characteristics, whereas a subsequent activation of FGF signaling consolidates and maintains dopaminergic traits. Combinatorial stimulation with Shh in this experimental paradigm leads to robust production of 'authentic' mDA neurons from mouse and human pluripotent stem cells.
MATERIALS AND METHODS

Cell culture and neural differentiation
Mouse ESCs, mouse iPSCs and mouse epiblast stem cells (EpiSCs) were maintained feeder-free as previously described (Guo et al., 2009; Parmar and Li, 2007; Ying et al., 2003) . Mouse EpiSCs were established from E14tg2a, Sox1-GFP (also referred to as 46C), Pitx3-GFP and Lmx1a-GFP mouse ESCs as described (Guo et al., 2009) . Human ESCs (hESCs; H1 and H7) were cultured on mitomycin C-inactivated feeder cells in knockout DMEM supplemented with 20% knockout serum replacement (KSR) and 8 ng/ml FGF2. Neural differentiation of hESCs was induced with a 3-day treatment with Smad inhibitor, but otherwise similar to that described by Chambers et al. (Chambers et al., 2009) . Monolayer differentiation of EpiSCs was developed based on the method by Ying et al. (Ying et al., 2003) . Briefly, EpiSCs were plated on fibronectin-coated plastics and cultured in EpiSC media until 50% confluency. Cells were then rinsed twice with PBS and cultured in retinol-free N2B27. Medium was refreshed every other day, as with ESC differentiation, where the day cells are switched to N2B27 is designated as d0 MD. Where indicated, PD0325901 (1 M, Axon), PD173074 (50 ng/ml, Sigma), FGF8b (100 ng/ml, Peprotech), Shh (200 ng/ml, C25 II-N, R&D) or cyclopamine (2 M, Sigma) were added to the cultures.
Immunocytochemistry
Cultures were washed twice in PBS then fixed in 4% paraformaldehyde for 20 minutes. Fixed cultures were washed three times in PBS containing 0.3% Triton X-100 followed by incubation in blocking solution containing the above plus 1% BSA and 10% serum compatible with the secondary antibodies. Cells were then incubated overnight at 4°C with the appropriate primary antibody diluted in blocking solution. Cells were washed three times in PBS followed by incubation for 1-2 hours with fluorescently labeled secondary antibodies and DAPI (Molecular Probes). Primary antibodies used were: TH (rabbit, PelFreez), TH (sheep, Pel-Freez), 3-tubulin (mouse, Babco), Pitx3 (rabbit, gift of M. Smidt, University of Amsterdam), Foxa2 (goat, Santa Cruz), Lmx1a (rabbit, gift of M. German, University of California, San Francisco), nestin (DSHB), GFP (mouse, Roche), Otx2 (rabbit, Millipore) and Nurr1 (rabbit, Santa Cruz).
Images were captured using a Leica TCS SP5 confocal microscope. The number of Otx2 + cells was determined using ImageJ macro (NIH), based on the total number of pixels of Otx2-labeled and DAPI-labeled nuclei. Quantification of other markers was carried out manually by examining randomly selected fields from at least three independent experiments and data are presented as mean ± s.e.m. Statistical significance was determined using a two-tailed Student's t-test.
Quantitative (q) PCR
Total RNA was extracted using TRI Reagent (Sigma) and processed for RT-PCR on a Chromo4 real-time PCR detection system according to the manufacturer's protocols (Bio-Rad). All PCR data were normalized to the average of two reference genes: Hmbs and cyclophilin (peptidylprolyl isomerase A). For PCR primers, see Table S1 in the supplementary material. All qPCR data are presented as mean ± s.e.m. of at least three biological replicates.
Electrophysiology
Day 14-16 MD cultures derived from Pitx3-GFP EpiSCs were placed in a recording chamber and viewed using an Olympus BX51WI microscope with a 40ϫ water-immersion lens and DIC optics. Cells were bathed in 140 mM NaCl, 3.5 mM KCl, 1.25 mM NaH 2 PO 4 , 2 mM CaCl 2 , 1 mM MgCl 2 , 10 mM glucose, 10 mM HEPES pH 7.4. For whole-cell recordings, lowresistance recording pipettes (9-12 M) were pulled from capillary glass (Harvard Apparatus) and coated with ski wax to reduce pipette capacitance. Recording pipettes were filled with 140 mM potassium gluconate, 5 mM NaCl, 2 mM MgATP, 0.5 mM LiGTP, 0.1 mM CaCl 2 , 1 mM MgCl 2 , 1 mM EGTA, 10 mM HEPES pH 7.4. The osmolarity and pH of both solutions were adjusted before experiments. Prior to recording, the GFP + neurons were identified and targeted for recording using fluorescence via a GFPselective filter (X-Cite series 120, EXFO). For analysis of action potential frequency and the coefficient of variation of the interspike interval (CV-ISI), the first 30 seconds of recording time were used to avoid potential effects of washout. Data were acquired at room temperature (20-22°C) using an Axon Multiclamp 700B amplifier and a Digidata 1440a acquisition system, with pClamp 10 software (Molecular Devices). Data analysis was carried out using Clampfit 10.2 (Axon), OriginPro 8.1 (OriginLab) and Spike2v5 (Cambridge Electronic Design) software. Data are presented as mean ± s.e.m.
RESULTS
EpiSCs offer an alternative model for efficient neural induction in vitro
In vitro differentiation of ESCs is asynchronous, generating scenarios in which intermediate progenitors of distinct developmental stages and/or positional identity co-exist and elicit heterogeneous responses to a given inductive signal. Mouse ESCs differentiate into somatic cells via the primitive ectoderm/epiblast stage, when lines of EpiSCs can be established (Brons et al., 2007; Guo et al., 2009; Tesar et al., 2007) . Thus, EpiSCs are developmentally primed pluripotent stem cells, which might offer a better in vitro differentiation model than mouse ESCs. We therefore subjected EpiSCs to a monolayer differentiation (MD) protocol previously developed in ESCs (Ying et al., 2003) . We found that EpiSCs convert to neuroectoderm cells more quickly than ESCs (Fig. 1) . At day 4 (d4) MD, when Oct4 + cells were still abundant in ESC MD cultures, few were detected in EpiSC cultures. However, Sox2, which is expressed in both pluripotent stem cells and neuroepithelial stem cells, was detected in the Oct4 -d4 EpiSC derivatives (Fig. 1A) . At d6, EpiSC cultures contained numerous nestin + neural progenitors, whereas significantly fewer were found in ESC progeny. Consistent with the above observation, qPCR analysis showed a more rapid reduction of Oct4 (Pou5f1 -Mouse Genome Informatics) and Nanog transcripts in EpiSC than in ESC MD cultures. By contrast, we observed a greater rate of upregulation of the neuroepithelial genes Sox1 and nestin in EpiSC cultures. This was followed by an earlier upregulation of the pro-neural genes Ngn2 and Mash1 (Neurog2 and Ascl1 -Mouse Genome Informatics) and, subsequently, of the neuronal marker genes Ncam1 and 3-tubulin (Tubb3) in EpiSC cultures (Fig. 1B) .
Taken together, this survey of marker expression indicates that EpiSCs offer a more rapid neural differentiation system than ESCs. Furthermore, the pattern of stage-specific gene expression observed indicates that neural induction occurs during the first 2-3 days of MD using the EpiSC system.
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Development 138 (20) FGF/ERK signaling blockade accelerates the conversion from the epiblast pluripotent state toward neuroectoderm FGF/ERK signaling promotes the conversion of ESCs toward neural progenitors and this signal may be required at multiple points during neural differentiation (Kunath et al., 2007; Stavridis et al., 2007) . Kunath et al. (Kunath et al., 2007) suggest that ERKdependent FGF signaling is required for the exit from an inner cell mass-like state toward epiblast ectoderm, whereas Stavridis et al. (Stavridis et al., 2007) argue that this signaling acts in the transition of epiblast-like cells to neural progenitors. To distinguish between these possibilities, we performed EpiSC MD in the presence of the specific FGF receptor inhibitor PD173074 or the potent MEK blocker PD0325901 (Stavridis et al., 2007; Ying et al., 2008) . Both compounds prevented the phosphorylation of ERK1/2 (Mapk3/1 -Mouse Genome Informatics) ( Fig. 2A ). Using EpiSCs derived from the 46C ESCs, which harbor a knock-in GFP reporter in the Sox1 locus (Ying et al., 2003) , we observed an early appearance of Sox1-GFP + neural progenitors (Fig. 2B ). This was supported by immunocytochemical analysis for another neuroepithelial marker, PLZF (Zbtb16 -Mouse Genome Informatics) (Fig. 2C ). This finding indicates that FGF/ERK signaling blockade accelerates neural induction of EpiSCs.
Blockade of FGF/ERK signaling at the onset of EpiSC differentiation induces mDA neural progenitor characteristics
Isthmus-derived Fgf8 plays an important role in midbrain-rostral hindbrain patterning and mDA development and has been used as a standard inductive cue in all ESC differentiation protocols targeting dopamine neurons (Barberi et al., 2003; Kawasaki et al., 2000; Kim et al., 2002; Lee et al., 2000; Perrier et al., 2004; Ye et al., 1998) . Surprisingly, we found that treatment with either PD173074 or PD0325901 at the onset of MD led to early induction of Lmx1a and Foxa2 (Fig. 3A ,B, see Fig. S1 in the supplementary material). Moreover, cultures that experienced FGF/ERK blockade for the first 2 days continued to show elevated levels of Lmx1a and Foxa2 between d3 and d5, as compared with no-PD controls. By contrast, MD cultures exposed to PD0325901 continuously for 5 days showed a similar level of Foxa2 and a reduced level of Lmx1a transcript compared with the no-PD culture at d3 and d5 (Fig.  3A ,B). Consistent with the RNA analysis, at d5 MD, we observed a pronounced increase of neural progenitors expressing Foxa2 protein or a knock-in Lmx1a-GFP reporter in cultures exposed to 2 days of PD173074 or PD0325901 (Fig. 3C ). These results demonstrate that blocking FGF/ERK activity on exit of the epiblast pluripotent state induces appropriate gene markers for the presumptive ventral midbrain in newly converted neural progenitors, which then require FGF/ERK signaling to maintain and consolidate this progenitor trait.
We obtained similar results with PD0325901 and PD173074 for the gene markers described above (Fig. 3 ) and the additional markers presented in Fig. S1A in the supplementary material. The studies described below were therefore performed with PD0325901 (hereafter referred to as PD) unless stated otherwise.
Temporally controlled modulation of FGF/ERK signaling leads to highly reliable and efficient production of mDA neurons To investigate whether the observed induction of the mDA progenitor phenotype translates to mDA neuron production either quantitatively [the number of tyrosine hydroxylase-positive (Th   +   ) neurons] or qualitatively (the midbrain-specific identity of Th + neurons), we assessed a panel of markers by immunocytochemistry at d14 MD. We employed a scheme that is analogous to most DA differentiation protocols in which Shh is applied to nestin + cells (Fig. 4A, see Fig. S2 in the supplementary material) (Barberi et al., 2003; Kawasaki et al., 2000; Kim et al., 2002; Lee et al., 2000; Parmar and Li, 2007; Perrier et al., 2004) . We found that, despite the robust induction of Foxa2 + Lmx1a + neural progenitors at d5, cultures treated with PD alone did not produce more Th + neurons than the standard control culture treated with Shh and FGF8 (SF control, see Fig. S2A ,B in the supplementary material). This might indicate that the d5 Foxa2 + Lmx1a + neural progenitors were not sufficiently specified toward an mDA fate. However, when further stimulated with Shh and FGF8 for 4 days, PD-treated cultures had an almost 4-fold increase in Th + neurons as compared with the SF control (PD, 52.3±8%; control, 13.5±9%) (Fig. 4B,C) . Consistent with the increase of Th + neurons, we detected a near 3-fold increase in extracellular dopamine levels in PD-treated culture supernatant compared with the SF controls (see Fig. S2D in the supplementary material). Using another line of EpiSCs, which carrys a GFP reporter knocked into the Pitx3 locus and drives mDA-specific GFP expression (Maxwell et al., 2005; 5±3.2%; P<0.01) (Fig. 4Be-h) . Furthermore, the majority of Th + neurons in PD-treated cultures were Pitx3-GFP + (73.8±10.2%). This was also the case for other mDA and pan-DA neuronal markers such as Lmx1a (88.5±3.9%), Foxa2 (99.5±1.2%), Nurr1 (Nr4a2 -Mouse Genome Informatics) (85.4±4%) and VMAT (Slc18a1 -Mouse Genome Informatics) (85.6±12%) (Fig. 4D , see Fig. S2C in the supplementary material).
We next tested the efficacy of this experimental scheme on mouse iPSCs. Consistent with the report that FGF/ERK signaling is required for the progression from the naïve to the primed pluripotent state (Kunath et al., 2007) , we found that PD treatment from d0 MD inhibited neural induction (data not shown). However, PD treatment for 2 days either at d1-3 or d2-4 MD significantly enhanced the production of Th + neurons compared with controls without PD (see Fig. S3 in the supplementary material). Similar to EpiSCs, iPSC-derived Th + neurons co-expressed Foxa2. Together, these data demonstrate that FGF signaling blockade during neural induction primes a midbrain regional fate in derived neural progenitors that is necessary for their terminal differentiation into DA neurons exhibiting midbrain characteristics.
Blockade of FGF signaling upon exit from the epiblast pluripotent state induces Shh and Wnt1
We next investigated how FGF inhibition confers mDA competence. Wnt1 and Shh are two essential signaling molecules that govern mDA progenitor fate specification and neurogenesis by forming regulatory loops with Lmx1a and Foxa2 (Andersson et al., 2006; Chung et al., 2009; Echelard et al., 1993) . We examined Wnt1 and Shh expression by qPCR in MD cultures treated with PD at d0-2. PD treatment resulted in a sharp increase in Wnt1 transcript at d1, with a further increase at d2 (Fig. 5A, see Fig. S2B in the supplementary material). This effect was also observed with PD173074 (see Fig.  S1A in the supplementary material). Intriguingly, Wnt1 transcript returned to, or dropped below, control levels at d3-5 irrespective of the continued presence or absence of PD, indicating that early FGF/ERK blockade in EpiSCs initiates downstream molecular events that negatively regulate Wnt1 expression. For Shh, similar (low) levels of transcript were detected at d1 in PD173074-or PD0325901-treated culture and in non-treated cultures. However, 1.5-fold and 4-fold increases of Shh transcript were observed at d2 in PD173074 and PD0325901, respectively. The level of Shh continued to increase (up to 8-fold) post-PD exposure between d3 and d5 (Fig. 5A , see Fig. S1A in the supplementary material). The kinetics of PD-mediated Wnt1 induction at d1 and d2 MD is similar to that of Lmx1a, whereas the pattern of Shh upregulation is similar to that of Foxa2 (Fig. 3, see Fig. S1B in the supplementary material) , indicating a regulatory relationship.
We then investigated the contribution of Shh signaling to the upregulation of Lmx1a and Foxa2, as these genes are known to be induced by Shh (Andersson et al., 2006; Chung et al., 2009 ). We performed additional MD in the presence of the Shh inhibitor cyclopamine. This treatment abolished the induction of Foxa2 by PD, suggesting that PD-mediated Foxa2 regulation is strictly dependent on Shh signaling (Fig. 5B) . Interestingly, cyclopamine did not affect PD-induced Lmx1a expression at d1-2, but did exhibit an effect at d3 and d5 (Fig. 5B) . Because the Lmx1a transcript was already induced at d1 MD after 24 hours of FGF/ERK inhibition, and because Shh was not induced until d2 (Fig. 5A,B , see Fig. S1B in the supplementary material), our data suggest that the early induction of Lmx1a by PD might be elicited by Wnt1 in an Shhindependent feed-forward fashion. However, sustained expression of Lmx1a between d3 and d5 MD requires Shh signaling.
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FGF/ERK inhibition promotes mDA characteristics via modulation of anterior-posteriorization and the maintenance of Otx2
Although PD induces Shh, we found that replacing PD with Shh at d0-2 did not recapitulate the highly efficient production of mDA neurons at d14 MD (see Fig. S2A -C in the supplementary material). This could be due to the relatively late and weaker stimulation of Lmx1a and Foxa2 by Shh compared with PD (see Fig. S4A in the supplementary material) . However, it is also possible that FGF/ERK inhibition induces other properties that are necessary for mDA fate specification.
An attractive hypothesis is that blocking FGF/ERK maintains anterior neural character, as FGF is known to promote caudal attributes (for a review, see Wilson and Rubenstein, 2000) . Consistent with this, we found using qPCR analysis that cultures exposed to PD for 2 days consistently exhibited reduced levels of Gbx2 (Fig. 5C ), which encodes a homeobox protein that is expressed in the anterior hindbrain and prospective spinal cord. By contrast, 2 days of stimulation by Shh had no effect on Gbx2 expression. Also consistent with this hypothesis, neural progenitors co-expressing Otx2, an anteriorly expressed homeobox protein that forms a mutually repressive circuit with Gbx2, were significantly more abundant in PD-treated cultures than in control cultures (Fig. 5E , see Fig. S4B in the supplementary material) (Millet et al., 1999) . Again, Shh in place of PD at d0-2 MD did not increase the number of Otx2 + neural progenitors at d5 MD (Fig. 5E,F) . Furthermore, PDtreated and non-treated cultures exposed to Shh and FGF8 for a further 4 days at d5-9 maintained the differential expression of Otx2 at d9 MD (Fig. 5D-F) . These findings suggest that FGF/ERK blockade promotes the generation of anterior neural progenitors by suppressing posteriorization.
FGF signaling from the anterior neural ridge plays an important role in the formation of forebrain (Paek et al., 2009 ). We therefore determined the effect of FGF/ERK inhibition on the expression of the telencephalic gene markers Six3 and Foxg1. As expected, increases of Six3 and Foxg1 transcripts were readily detected from d2 and d3 MD, respectively, in the control cultures without PD (Fig. 5G) . By contrast, PD-treated cultures did not upregulate either of the telencephalic marker genes. Furthermore, we detected a sharp increase in the mesencephalic transcription factor genes engrailed 1 (En1) at d1 and En2 from d2 MD in PD-treated, but not Shh-treated, cultures (Fig. 5C ). Taken together with the finding that PD induces Wnt1, these data suggest that FGF/ERK inhibition confers a midbrain bias within the Otx2 + anterior neural progenitor population. Otx2 has been shown to play a regulatory role in Lmx1a transcription and in the proliferation and differentiation of mDA progenitors (Brodski et al., 2003; Chung et al., 2009; Omodei et al., 2008; Ono et al., 2007) . Thus, the retention of Otx2 in neural progenitors, and the early induction of isthmus-patterning molecules by FGF/ERK inhibition, are likely to serve as additional attributes essential for the observed efficient production of mDA neurons.
It is worth noting that, at d9 MD following 4 days exposure to Shh/FGF8, PD-treated and untreated control cultures had similar proportions of Foxa2 + /Lmx1a + neural progenitors (Fig. 5E ), indicating that either Foxa2/Lmx1a neural progenitor expression at later stage of MD, or Foxa2/Lmx1a expression alone, is not sufficient for mDA commitment, at least in pluripotent stem cell cultures in vitro.
Shh and Fgf8 participate in distinct regulatory pathways governing mDA fate specification and differentiation Our study shows that both Shh and Fgf8 are necessary during the period d5-9 for achieving the highest number of mDA neurons: those co-expressing Th, Pitx3, Lmx1a and Foxa2. Cultures treated with PD followed by Shh alone contained a large number of faintly stained Th + cells with immature neuronal morphology. In addition, few of these Th + neurons co-expressed Pitx3-GFP (see Fig. S2 in the supplementary material). By contrast, Th + neurons present in cultures treated with PD, followed by FGF8 alone, were mature in appearance and mostly Pitx3-GFP + . However, the number of Th + neurons was similar to that found in the no-PD control cultures. These observations suggest that PD-generated d5 neural progenitors require sustained Shh signaling to specify a dopaminergic phenotype, whereas FGF8 facilitates progenitor differentiation involving Pitx3 expression.
Day 5-9 MD spans the peak of neurogenesis during which the expression of neuronal subtype determination factors rapidly increases ( Fig. 1; data not shown) . To further elucidate how Shh and FGF affect neural progenitor behavior, we examined their effect on the expression of a number of genes that encode mDA and non-dopaminergic neural progenitor domains by RT-PCR (Fig. 
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Fig. 3. FGF/ERK blockade at the onset of neural fate conversion induces mDA regulatory genes. (A)Experimental schemes. E14tg2a
mouse EpiSC monolayer cultures were exposed to PD0325901 (PD) from d0 MD for either 2 days (PD0-2) or 5 days (PD0-5). Cultures were harvested at d1, d2, d3 and d5 MD. (B)qPCR analysis of Lmx1a and Foxa2. The value of the d1 MD control (Cont) was set as 1. Error bars indicate mean±s.e.m. of two sets of experiments performed in duplicate. (C) d5 MD of Lmx1a-GFP EpiSCs exposed to PD from d0 MD for 2 days were immunostained for Foxa2 and GFP (both green) and counterstained with DAPI (red). Scale bar: 100 m. 6). We found that Shh added either at d3-6 MD or d5-9 MD induced a further increase in Foxa2 and Msx1 expression, although it had no effect on either Lmx1a or Shh (Fig. 6B ). FGF8 stimulation, by contrast, led to significant upregulation of Wnt1, En1 and En2, which are all known to participate in mDA differentiation and survival (Alberi et al., 2004; Joksimovic et al., 2009) (Fig. 6B,C) .
We also found that cultures without any exogenous stimuli experienced a sharp increase of gene transcripts controlling GABAergic fate, such as Gata2 (38-fold), Helt (293-fold) and Gad1 (401-fold) (Fig. 6D) , consistent with the suggestion that in vitro-derived neurons are mostly GABAergic (Kala et al., 2009; Nakatani et al., 2007) . However, Shh stimulation at d5-9 suppressed the expression of these genes, and progenitors exposed to sequential PD and Shh treatment showed a further reduction in these non-DA markers. Thus, the fold increases in Helt and Gad1 transcripts in the PD-Shh cultures were only 10% of the level of Shh alone cultures and were less than 1% of the level of no factor controls. Together, our data demonstrate that Shh and Fgf8 participate in distinct regulatory pathways that contribute to efficient mDA fate specification and differentiation.
Interestingly, FGF8 treatment, with or without Shh, from d3 MD immediately after PD treatment eliminated the PD-mediated upregulation of Lmx1a, Foxa2, Shh and Msx1 (Fig. 6B) . Consequently, we observed little increase in the number of Th + neurons in these cultures at d14 MD compared with the untreated control (data not shown). Together with the finding that persistent FGF/ERK blockade after neural induction abolishes PD-mediated induction of mDA regulators (Fig. 3B, Fig. 5B ), our data indicate that a period of autocrine FGF/ERK signaling is crucial for newly converted neural progenitors to process the patterning information that leads to the eventual commitment of the dopaminergic neuron fate.
In vitro-generated mDA neurons exhibit functional neuronal characteristics We examined whether dopamine neurons generated using these protocols had functional neuron-like properties. We took advantage of the Pitx3-GFP reporter system (Zhao et al., 2004) , in which we could target dopamine neurons by their GFP signal (Fig. 7A) . We conducted whole-cell recordings at d14-16 MD, from GFP + cells differentiated with or without PD. First we examined the passive
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Development 138 (20) (Fig. 7B) . In all cells, application of a depolarizing current pulse evoked an overshooting action potential (n21), and 19% of cells (control, 1/7 cells; PD, 3/14 cells) fired multiple action potentials in response to the stimulus (Fig. 7C) . The cells that were spontaneously active fired at a low frequency (0.95±0.14 Hz; n3) and in an irregular pattern (CV-ISI, 1.19±0.24; n3). However, 67% (6/9) of cells in MD cultures at d40 or later fired spontaneous action potentials. Importantly, these older cells exhibited the pacemaker-like spontaneous activity (Fig. 7E ) that is characteristic of mDA neurons (3.54±0.8 Hz; CV-ISI, 0.49±0.08; n6). In voltage-clamp mode, all differentiated cells exhibited a large outward current, typical of a delayed-rectifier K + current (control, 2.91±0.39 nA, n7; PD, 2.19±0.28 nA, n15; P>0.05) (Fig. 7D, left panel) . Fastactivating, fast-inactivating inward currents were also observed that were typical of Na + currents (control, 1.38±0.14 nA, n7; PD, 1.69±0.25 nA, n15; P>0.05) (Fig. 7D, right panel) . Taken together, these recordings show that dopaminergic cells generated using our differentiation protocol exhibit functional, neuron-like properties. EpiSC monolayer cultures were exposed to PD0325901 (PD) from d0 MD for 2 (PD0-2) or 5 (PD0-5) days. Cultures were harvested at day 1, 2, 3 or 5 for qPCR analysis of Shh and Wnt1. (B)E14tg2a EpiSC MD cultures were treated with PD or cyclopamine (Cycl) or a combination of the two as indicated. Cultures were harvested at day 1, 2, 3 or 5 for qPCR analysis of Lmx1a and Foxa2. (C)EpiSCs were differentiated in the presence of PD or Shh for 2 days from d0 MD, as in B, and analyzed for Gbx2, En1 and En2 by qPCR at d1-3 and d5 MD. (D)Experimental schemes for E-G. (E)Immunostaining of d5 and d9 MD E14tg2a (top two rows) and Lmx1a-GFP (bottom two rows) EpiSCs. Antibodies against Otx2 (red) and nestin (green), or Otx2 alone (red), were used in E14tg2a EpiSCs. Foxa2 (green), nestin (red) and GFP (green) were used in the Lmx1a-GFP panels. Scale bar: 100m. (F)Quantification of immunostaining in E illustrating the percentage of cells expressing Otx2. Mean±s.e.m. of ten fields from two independent experiments. *, P<0.01 relative to no-PD control (Student's t-test) . (G)qPCR analysis of the telencephalic markers Six3 and Foxg1 in d2-4 MD cultures with or without PD. Data in A-C,G are mean±s.e.m. of three replicate cultures.
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A conserved role for FGF/ERK signaling in mDA fate specification of hESCs Finally, we asked whether the modulation of FGF/ERK signaling could also promote mDA neuron differentiation of hESCs. H1 and H7 hESCs were induced to differentiate by a 3-day exposure to Smad inhibitors. Under this condition, the primitive ectoderm marker FGF5 peaked at d3 MD and the majority of the cells became NES + neural precursors at d11 for H1 and d20 for H7. To mimic the condition experienced by the mouse cells, we applied PD for 4 days from d3 MD (Fig. 8A) . Similar to the finding in mouse cells, PD treatment in hESCs also resulted in an increase in OTX2, WNT1, EN1/2 and in the suppression of SIX3, FOXG1 and GBX2 (Fig. 8B) , indicating the induction of a midbrain fate and the suppression of caudalization as well as forebrain induction. We also observed similar induction of ventral fate regulators such as SHH, LMX1A, FOXA2 and MSX1. Interestingly, PD treatment led to robust induction of DMRT5, a newly identified midbrain floor plate marker that confers mDA progenitor identity following forced expression in ESC-derived neural progenitors (Fig. 8B) (Gennet et al., 2011) .
Consistent with the transcript analysis, the major population of NES + progenitors in PD-treated cultures co-expressed OTX2, FOXA2 and DMRT5 (Fig. 8C) . Of the PD-treated cells, 47.5±7.1% were FOXA2 + OTX2 + , a molecular profile characteristic of mDA neural progenitors (see Fig. S5 in the supplementary material) . By contrast, this cellular phenotype only constituted 6.8±1.5% of the control population. As cultures progressed toward neuronal differentiation at d35 MD, we detected numerous TH + neurons coexpressing FOXA2, LMX1A and PITX3 in PD-treated cultures (Fig. 8D,E) , which was in dramatic contrast to the no-PD controls, in which LMX1A + and PITX3 + cells were rarely detected (data not shown). Furthermore, we found that, although FOXA2
+ cells were present in the no-PD cultures, they were mostly mutually exclusive with TH + neurons (Fig. 8D) . Thus, PD treatment resulted in a near 7-fold increase of FOXA2 + TH + neurons when compared with no-PD controls (Fig. 8D-F) . Together, the above data demonstrate that FGF/ERK signaling plays a conserved role in mouse and human pluripotent stem cells.
DISCUSSION
Dopamine neurons derived from pluripotent stem cells constitute a powerful resource in neurobiological research. In the context of patient-specific iPS cells, in vitro-derived dopamine neurons also provide a valuable tool for drug discovery, modeling of Parkinson's disease and as a potential alternative cell source for transplantationbased therapy.
Here, we demonstrate a functional impact of the FGF/ERK signaling level on the course of mDA neuron differentiation of mouse and human pluripotent stem cells. Pharmacological inactivation of FGF/ERK activity upon exit of the lineage-primed epiblast pluripotent state initiates transcription activities that govern early mesencephalic patterning of both the anteriorposterior and dorsal-ventral axes, leading to the induction of mDA neural progenitor characteristics and maintenance of dopaminergic competence. The consolidation of these characteristics, however, requires a period of autocrine/paracrine FGF/ERK signaling immediately after neural induction. Either continued FGF/ERK blockade in newly derived neural progenitors, or enhancing FGF signaling activity by exogenous FGF8 in these cells, abolishes the effects of PD. These findings demonstrate a previously unrecognized inhibitory role of FGF/ERK in the induction of ventral midbrain neural progenitors and offer a novel strategy for mDA neuron production from mouse and human pluripotent stem cells and iPSCs. Furthermore, the current method represents a simple, small-molecule-based paradigm for significantly improved efficiency and high
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Development 138 (20) reproducibility compared with previously reported transgene-free protocols. Importantly, our strategy directs a midbrain regional identity in the derived dopamine neurons, a property that is essential for functional integration of transplanted dopamine neurons in the Parkinsonian brain (Hudson et al., 1994) . Stimulation of ESC-derived neural progenitors with Shh and FGF8 is used by almost all dopamine differentiation protocols (Barberi et al., 2003; Kim et al., 2002; Lee et al., 2000; Perrier et al., 2004; Yan et al., 2005) . However, unless combined with genetic manipulation of mDA transcription factors, such as Pitx3 or Lmx1a (Andersson et al., 2006; Chung et al., 2002; Konstantoulas et al., 2010; Maxwell et al., 2005) , the midbrain regional identity of the dopamine neurons generated has remained uncertain. Furthermore, the yield of Th + neurons has often proved unreliable between experiments and even highly variable between different microscopic fields within a single culture. A major limiting factor is the temporal and spatial heterogeneity of ESC-derived neural progenitors. Our findings demonstrate that the above issues can be addressed using EpiSCs. We found that, in the absence of FGF/ERK signaling manipulation, nearly 40% of Th + neurons generated by EpiSCs already co-expressed Pitx3. This represents a significant improvement over ESC-derived monolayer cultures, where Pitx3 + neurons are rarely observed (Andersson et al., 2006; Friling et al., 2009; Parmar and Li, 2007) . This improvement is likely to be due to the more synchronous conversion of EpiSCs to the neuroepithelial fate, which would allow for the effective capture of mDA-competent progenitors.
However, without additional FGF/ERK inhibitor treatment at the neural induction phase, the total numbers of Th + Pitx3 + cells remained low due to the overall poor efficiency in producing Th + cells. The early induction of both Lmx1a and Foxa2 by inhibiting FGF receptor or ERK is likely to be a key factor in the observed high efficiency in our experiments. This hypothesis is based on the following observations: (1) d5 PD-treated (EpiSC) MD cultures are highly enriched for Foxa2 + Lmx1a + neural progenitors compared with untreated controls; (2) although Shh treatment in d5-9 MD results in comparable numbers of Foxa2 + Lmx1a + cells in PDprimed and no-PD cultures, mDA neuron production was not enhanced in the manner observed with PD treatment; (3) replacing PD with Shh, which turned out to be a slower and less effective inducer of Lmx1a and Foxa2, also led to poor mDA production; and (4) previous reports have credited the dopaminergic-promoting activity of Lmx1a to its early transgene expression in ESC-derived neural progenitors (Friling et al., 2009) and indicated that Lmx1a functions by cooperating with Foxa2 in specifying mDA fate during midbrain development (Lin et al., 2009; Nakatani et al., 2009) .
The robust induction of Wnt1 and its targets in naïve neural progenitors is likely to be a key downstream mediator that confers the observed early induction of Lmx1a, in light of the recent finding that it can be directly regulated by Wnt1/-catenin signaling (Chung et al., 2009) . The same study also showed that, although Otx2 itself had no effect in promoting the expression of terminal mDA neuronal marker genes such as Th, Pitx3 and Nurr1, it significantly enhanced the regulatory effect of Lmx1a and Foxa2 on the expression of these genes. Thus, Otx2 plays a permissive role in Lmx1a/Foxa2-mediated mDA neuronal production. It is worth noting that a significant effect of FGF/ERK blockade is the maintenance of Otx2 in derived neural progenitors.
Our study also shows that, in addition to inducing a regulatory cascade for ventralizing nascent neural progenitors, FGF/ERK inhibition suppresses forebrain specification while promoting anterior neural induction, as demonstrated by the strong and consistent repression of the forebrain regulator genes Six3 and Foxg1 and the hindbrain marker Gbx2. Thus, blocking FGF/ERK at the onset of neural induction leads to a direct and early induction of the midbrain fate at the expense of forebrain and caudal neural fates. Our finding is consistent with the developmental role of FGF signaling in regionalization of the forebrain (Corson et al., 2003; Shimamura and Rubenstein, 1997) .
Furthermore, we demonstrate the importance of precise temporal control of cell signaling and its cross-regulation with other signaling pathways in mDA neuronal fate specification. During development, 4371 RESEARCH ARTICLE FGF blockade directs mDA fate Fgf8-mediated signaling can induce the patterned expression of many midbrain/rostral hindbrain genes and is required for normal development of the midbrain and cerebellum (Chi et al., 2003; Liu et al., 1999; Meyers et al., 1998) . Fgf8-induced Wnt1 and engrailed are key regulators of midbrain and cerebellum patterning, as well as of the differentiation and survival of dopamine neurons (Prakash et al., 2006; Simon et al., 2001; Tang et al., 2009) . In EpiSC-derived neural cultures, after an initial burst of upregulation induced by PD exposure, Wnt1 expression was subsequently reduced to a level below the no-PD control by unknown factors in the newly generated neural progenitors in d3-5 MD. This is the period when Shh, Lmx1a and Foxa2 expression levels continued to rise. Given that Shh and Wnt1 play opposing roles with regard to mDA neurogenesis (Joksimovic et al., 2009) , our findings suggest that the delay in FGF reactivation, which suppresses Wnt1 levels, might be crucial for achieving high numbers of Th + neurons by consolidating Lmx1a and Foxa2 expression via Shh signaling.
From a technological standpoint, we describe a novel method of mDA neuron differentiation that employs temporally controlled exposure of human and mouse pluripotent stem cells to an FGF/ERK-deficient environment. The highly reliable nature of this method was demonstrated using five independent mouse EpiSC lines, a mouse iPS cell line and two human ESC lines. This protocol offers several advantages over current methods of generating midbrain-specific DA neurons in that it is adherent culture-based and free from genetic manipulation and thus could be readily applied to other cell lines of interest. Furthermore, because it is fully chemically defined, this paradigm could be readily adapted for use in a clinical setting or scaled up for toxicity and drug screening relevant to developing new therapeutics for Parkinson's disease. 
